The necessity of using animals to test whether new chemicals and products are eye irritants has been questioned with increasing frequency and fervor over the last 20 years. During this time many new nonanimal methods have been proposed as reliable alternatives to the traditional rabbit (Draize) test. To date, however, none of these nonanimal (in vitro) tests have become universally accepted as a complete replacement for the Draize test. To understand why a complete replacement has not been found, one has to first understand the reasonably complex structure of the eye, the standard Draize scoring scale-which is based on a qualitative evaluation of three different tissues-the differences between human and rabbit eyes, the intrinsic variability of the animal test, and the details of the different in vitro tests that have been proposed as replacements. The in vitro tests vary from relatively simple assays using single cells to more sophisticated assays that use discarded animal tissue or artificially constructed human tissue. It is clear that appropriately designed in vitro tests will eventually give more useful mechanistic information about ocular injury from which we can more comfortably predict the risk of human eye irritation from new products and ingredients. -Environ Health Perspect 1 06(Suppl 2): 485-492 (1998). http://ehpnetl.niehs.nih.gov/docs/1998/Suppl-2/485-492 curren/abstract.html
Introduction
The necessity of using animals to test whether new chemicals and products are eye irritants has been questioned with increasing frequency and fervor over the last 20 years. Admittedly the questions are very complex, and strong social, political, ethical, and scientific arguments have been raised on both sides of the issue. During this process, numerous nonanimal methods have been proposed as reliable alternatives to the traditional animal tests. However, before such tests come into common use, they must be carefully evaluated to determine if, in fact, these new methods can replace or reduce the use of whole animals. Such evaluation involves investigating the basic details of ocular irritation, reviewing what type of information is currently obtained from the animal tests, understanding how the design of in vitro systems relates to the animal model, and only then determining what real progress has been made in the search for alternatives to traditional ocular irritation testing.
Structure of the Eye
In interpreting the results from any toxicologic study, there must be some basic knowledge of the organ system being studied-at the very least an understanding of its morphology, cellular constituents, and normal function-that allows one to determine whether an injury has occurred and what the consequences of that injury are. Because there are many similarities between the animal and the human eye, and because the human eye is the organ we are trying to protect, the human eye will be used here as an example for the discussion of ocular structure. Where differences exist between the eyes of humans and rabbits (the usual target species of ocular irritation testing), they will be noted. Figure 1 depicts a human eye in both a normal front view and in cross section. The latter view more clearly shows the tissues that are of concern to toxicologists and ophthalmologists. Perhaps the most important tissue is the cornea: the exterior surface that is exposed to the outside environment. The normally transparent cornea allows light to freely enter the eye and eventually be focused on the retina. If the cornea becomes cloudy (opaque)-as can happen after accidental exposure to strongly irritating chemicals-light can no longer pass easily into the eye and vision becomes impaired or even completely blocked. Although the eyelids offer the cornea some protection, it is still very susceptible to injury.
About 80% of the cornea's structure is the stroma-a regular array of macromolecules through which light can easily pass as a consequence of the stroma's high degree of order and exact level of hydration. Maintenance of this very important hydration level (75-80% water) is the responsibility of two active cell layers, a single-cell-thick endothelium covering the inside surface of the cornea and a much thicker epithelium that covers the outside surface. These cell layers work together to keep additional water from entering the cornea, which would result in swelling and opacity. The epithelium also has a second function of providing a physical barrier against the entry of foreign materials. If the epithelium is injured, corneal opacity can result. However, minor opacities can often be reversed because the epithelium can repair itself either by movement of surrounding cells to cover the wound or by the actual replacement of damaged tissue through new cell division. In contrast, the endothelium is generally not capable of repair. Therefore, if these cells suffer cytotoxic damage there can be significant consequences, e.g., permanent blindness. It is this relationship between the induction of cellular damage and resulting ocular irritation or other injury that is the basis for many of our current in vitro ocular irritation screening systems.
Another delicate tissue of the eye is the conjunctiva, the nonkeratinized squamous Observations of the degree of injury to each of these tissues in the animal model are incorporated as part of the scoring system of most common eye irritation protocols. The details of these scoring systems will be discussed in "In Vivo Ocular Irritation Testing."
In Vivo Ocular Irritation Testing
It is important to understand how manufacturers assure themselves that their products will not pose an unacceptable risk to the eyes of their customers. Generally the process consists of several steps. First, the maximum potential hazard of the ingredient or formulation to the ocular tissue is determined. Second, the actual use of the product is considered, estimating the probability that it may inadvertently enter the eye. Third, a final safety assessment takes into account benefits, risks, and the impact of the instructions for use that generally accompany the product. Although the entire process is important, it is the first stage of this process-generally termed hazard identification-and the development of improved in vitro systems to detect such hazards that are important to this discussion.
For obvious ethical reasons, tests using animals, rather than volunteer human subjects, have generally been used to assist toxicologists in determining the degree of danger a material poses to the eye. Although it is possible to expose human eyes to dilute forms of materials whose chemical properties are well known and generally regarded as safe, it is obvious because of the risk of severe injury that this cannot be done with novel materials whose toxic properties are as yet unknown.
The albino rabbit has historically been the animal of choice for testing potential eye irritants, primarily because its large eyes make it easy to observe damage. In addition, it has a large conjuctival sac (accentuated by loose lids) that easily accepts test material and holds it against the eyes. However, because of several striking differences, the rabbit is far from a perfect model for humans. One difference is the presence of a nictitating membrane, or third eyelid, in the rabbit. This membrane moves laterally across the eye, likely causing the kinetics of removal of many test materials to differ from humans. Another difference is that the conjunctival sac of the rabbit is much larger than in humans, meaning that more test material can be placed in a rabbit's eye than would be likely to ever get into the human eye during an accidental exposure. Additionally, the rabbit cornea is somewhat thinner than that of humans and there is less tear production to aid in washing out a foreign material. For these and other reasons, the rabbit is generally considered an overly sensitive model for humans. Although this may be considered a positive aspect of the rabbit model because it adds a margin of safety to the risk assessment, it also presents the problem of inappropriate hazard assessment and suggests that a more predictive model would be beneficial.
The conduct of the animal test now needs to be examined in detail to help us understand the subjective nature of the test and appreciate the difficulties faced in developing and validating in vitro models. To test a material for potential ocular irritation, the lower lid of the animal is pulled away from the eyeball, and 100 p1 of a liquid (100 mg of a solid) is placed in the resulting conjunctival sac. The lids are then held together for a few seconds to ensure contact between the test material and the ocular tissues. The animal's eyes are carefully observed, first at 1-hr and then at 24-hr intervals for up to 14 days. It is important to highlight again a major difference between the structure of a rabbit's eye and that of a human eye.
Because 100 g1 will not fit into the human eye, the animal's eyes are being exposed to much more material than might actually enter the human eye from an accidental exposure. The low-volume eye test (1), which uses one-tenth of the material normally applied to the rabbit eye, is reported to better predict the response of human eyes and to be less hazardous to the animal.
The time that the test material is in contact with the eye is not controlled during the Draize test because the material is only removed by the natural processes of tearing and blinking. Therefore, time of exposure may differ with each test material, which makes it difficult to develop an in vitro model.
At various standard time periods after instillation, the three major tissues of the eye (cornea, conjunctiva, and iris) are observed macroscopically for injury. Each tissue is observed for different signs and the degree of injury is recorded according to a standard scale. For the cornea, the degree of opacity and the area of the eye involved are recorded. The iris is examined for inflammation and the conjunctiva-a mucus membrane-is examined for redness, chemosis, and any exudate. Generally mild responses of the conjunctiva alone are not serious unless the test material is designed to be applied to or around the eyes.
Draize Scoring Scale
The fact that three ocular tissues can be affected by chemical treatment makes simple scoring and evaluation of ocular damage difficult. Draize (2) proposed in 1944 what has become a solution to the problem. He devised an individual numerical scoring system for each of the three ocular tissues of interest and then proposed a special weighting system to combine the scores into a single eye irritation score. Table 1 shows specifically how Draize reduced the evaluation of a very complicated type of injury to a single number.
This awareness of the various ocular tissues and the ways they respond to injury is very important because we need to understand exactly what score an in vitro eye irritation assay is supposed to predict. However, the complete Draize scoring system is not generally used to dassify materials for regulatory purposes. The European Union classification scheme, for example, uses only discrete categories such as R36 (irritating to eyes), and R41 (risk of serious Total score 110 &An illustration of how individual subjective observations of injury to three ocular tissues are converted into a single numerical score estimating total eye injury. Ex Vivo Models Figure 2 illustrates the continuum of reductionist relationships between the Table 2 . Characteristics of common in vitro assays.
Assay, reference
General description Neutral red release (16), neutral red uptake (17) Fluorescein leakage (14, 15) BCOP (10) HetCam (25) Tissue equivalent assay (11) Enucleated chicken eye (23) Cytosensor microphysiometera (23) Irritection (Eytex)b (23) Pollen tube growth (26) Red blood cell (19) SIRC (27) Tables 3 and 4. A third consideration is the expected level of toxicity possessed by the test material. Ocular toxicity ranges from very slight conjunctival redness to full corrosive destruction of the three primary tissues. For a single in vitro test to address this full range, with the desired resolution, would be challenging. Most in vitro assays are designed to balance resolution with dynamic range. Dilution-based assays rely on the changes in concentration to provide sensitivity and dynamic range. However, they are limited in the types of materials that can be tested. In contrast, the topical application assays, in which the test materials are applied neat, use time of exposure (tissue constructs) or the robustness of the tissue (BCOP) to provide dynamic range. Buffering effects of the medium may effect toxicity significantly Often differentiate well between very mild materials Possible reaction of the test material with the solvent In these assays serial dilutions of the test material are applied to the test system and the end points are the concentrations of test material that cause a selected response. Table 4 . Advantages and disadvantages of topical application assays.
Advantages
Disadvantages Material is tested in its native form, i.e., in the same form Test substrate can often be expensive as an in vivo exposure Exposure of the target tissue can be assured Exposure times may be inconveniently long In some models, exposure time can be selected to match expected in vivo exposure In these assays only the neat or in-use concentration test material is applied to the test system.
The tissue constructs provide high resolution for assessing potentially very mild (e.g., eye area cosmetics) to moderately irritating materials by extending the exposure times. Their resolution declines for the more aggressive materials because very short exposures (often a few seconds) are sufficient to kill the tissue. In contrast, the bovine cornea, with many layers of epithelium, does not resolve very mild products without excessively long exposures. However, it has the robustness to discriminate at the medium to high end of toxicity (20) (Figure  3 ).The double end points of opacity and permeability help the assay span the range from shampoos to industrial cleaners.
Choosing the Appropriate Assay
The foregoing discussion illustrates that the choice of an in vitro ocular irritation assay is not simple. Unless the appropriate test is chosen, the subsequent results may be poor predictors of the actual ocular irritation potential of a test material. The previously mentioned key factors are extremely important and must be considered every time an in vitro test is contemplated. 
